Cardiac hypertrophy and left ventricular hypertrophy are known to be substantially controlled by genetic factors. As an experimental model, we undertook genome-wide screens for cardiac mass in F2 populations bred from the stroke-prone spontaneously hypertensive rats (SHRSP) and normal spontaneously hypertensive rats (SHR) and Wistar Kyoto rats (WKY) of a Japanese colony. Two F2 cohorts were independently produced: F2(SHRSP ̱ WKY) (110 male and 110 female rats) and F 2 (SHR ̱ WKY) (151 male rats). The ratio of heart weight to body weight (Hw/Bw) was evaluated at 12 months of age in F 2 (SHRSP̱ WKY) after salt-loading for 7 months, and at around 15 weeks of age in F 2 (SHṞ WKY) who had been fed a normal rat chow diet. Subsequent to an initial screen with 251 markers in F 2 (SHRSP̱ WKY) male progeny, 170 and 161 markers were selected and characterized in F 2 (SHRSP̱ WKY) female progeny and F 2 (SHṞ WKY) male progeny, respectively. Markers from four chromosomal regions showed suggestive or significant linkage to Hw/Bw. The strongest and the most consistent linkage was found in the vicinity of D3Mgh16 on rat chromosome (RNO) 3 (a maximal log of the odds score reached 4.0 to 6.6 across the F 2 populations studied). In the other three regions on RNO6, RNO10 and RNO13, the degree of linkage was more prominent in either males or females. These data provide solid evidence for a "principal" RNO3 quantitative trait loci regulating Hw/Bw in SHRSP and SHR, and also suggest the possible presence of sexual dimorphism in regard to genetic susceptibility for cardiac hypertrophy. ( Hypertens Res 2005; 28: 273-281)
Introduction
Left ventricular hypertrophy is one of the major risk factors for cardiovascular morbidity and mortality, and considered to be the most important predictor of chronic heart failure ( 1 ) . Several studies have investigated the influence of genetic background on the variability in left ventricular mass in humans, and the heritability of this trait has been estimated to be between 30% and 70% in different populations ( 2 , 3 ) .
Body weight has been demonstrated to be positively correlated with left ventricular mass in adults of all ages, and this trait is also highly heritable ( 4 ) .
However, because of the confounding influences of blood pressure and environmental factors such as dietary habits, it is not feasible to unravel the genetic determinants of cardiac mass in humans. The distribution of cardiac mass is mostly continuous within populations ( 5 ) , suggesting that the trait is polygenic in nature, presumably involving multiple genes with each exerting independent and modest effects. This may hamper the detection of susceptibility genes by linkage analysis in humans. As an experimental alternative, genetic investigation of inbred strains of hypertensive rats has proven a powerful tool to identify loci that are involved in blood pressure regulation and cardiovascular disease phenotypes. Tanase et al . ( 6 ) previously conducted a detailed segregation study of 23 inbred normotensive and hypertensive rat strains and estimated that 65% to 75% of the strain difference in heart weight' was genetically determined. Several studies have therefore performed a segregation and genetic linkage analysis using F 2 progeny derived from a pair of progenitor strains that exhibit a substantial difference in adult cardiac mass ( 7 ) . In most cases, these studies have analyzed cosegregation in crosses between a hypertensive and a normotensive strain, and have reported quantitative trait loci (QTLs) for cardiac mass or cardiac hypertrophy in a number of chromosomal regions ( 8 − 10 ) .
Since the presence of sexual dimorphism has been implied for QTLs controlling blood pressure and related traits ( 11 − 13 ) , we have undertaken a genome-wide linkage investigation of the genetic relationships between cardiac mass and body weight in male and female F 2 populations bred from the stroke-prone spontaneously hypertensive rat (SHRSP), one of the principal experimental models of hereditary hypertension and cardiovascular disease phenotypes, including cardiac hypertrophy. To examine the reproducibility of linkage between different inbred strains of particular hypertensive rats, we have additionally performed a genome-wide screen in male F 2 populations derived from the spontaneously hypertensive rat (SHR) of a Japanese colony. The Wistar Kyoto rat (WKY) has been used as a control progenitor strain to produce F 2 cohorts in all instances.
Methods

Animal Procedures
The SHRSP, SHR and WKY rat colonies have been maintained at our institute with brother-sister mating. By crossbreeding, two F 2 cohorts were independently produced from pairs of progenitor rats and used in genome-wide screens. The first cohort ⎯ F 2 (SHRSP × WKY) ⎯ comprised 110 male and 110 female rats, and the second cohort⎯F2(SHR × WKY) ⎯comprised 151 male rats. Rats were weaned at 4 weeks after birth and were placed on an SP diet (Funabashi Farms, Funabashi, Japan) containing 5% fat, 0.4% sodium, and 0.75% potassium. In F2(SHRSP×WKY), salt-loading was conducted after 5 months of age with the rats being given 1% NaCl in drinking water for 7 months, and the rats were killed by exsanguination under pentobarbital anesthesia at 12 months of age. Systolic blood pressure (SBP) was measured by the tail cuff method at 13 weeks of age as previously described (11) . On the day of tissue collection, the total body weight and heart weight of each rat were measured and recorded in g, and pieces of the liver were frozen at -70°C for subsequent DNA extraction. In F2(SHR × WKY), on the other hand, SBP was measured at 11 weeks of age and the rats were killed under pentobarbital anesthesia at around 15 weeks of age. Although the timing of weight measurement was slightly varied in F2(SHR × WKY) because of an in vitro assay using the adipocytes isolated from individual rats (which is part of our ongoing project concerning insulin resistance phenotypes), our preliminary data showed that this variation did not exert a considerable influence on total body weight or heart weight in the progenitor strains. All rats were laboratory animals and were treated in compliance with local regulations. This protocol was approved by the animal ethics committee of the Research Institute of the International Medical Center of Japan.
Genotype Characterization
Genotyping was carried out using microsatellite markers amplified by polymerase chain reaction (PCR) and evaluated by electrophoresis as previously described (11, 14) . Markers were chosen for a genome screen on the basis of their location in the published genetic maps (15, 16) to avoid genotyping closely linked markers of the same chromosomal region. Genome-wide searches were carried out in two F2 cohorts. At first, a total of 251 microsatellite markers distributed across 20 rat autosomes and the rat chromosome X were characterized in the male progeny of F2(SHRSP × WKY). The typed markers spanned 1,790 centimorgan (cM) of the rat genome, and the average spacing of the genome covered within 10 cM of a marker. Subsequently, based on the linkage map thus constructed in the male progeny of F2(SHRSP × WKY) and by referring to the published genetic maps, 170 and 161 markers were selected for genome screens in the female progeny of F2(SHRSP × WKY) and in the male progeny of F2(SHR × WKY), respectively. In this selection, markers were spaced as evenly as possible to provide a marker every 10−20 cM.
Development of Polymorphic Markers on Rat Chromosome 3
After the initial genome screen, we attempted to develop new microsatellite markers to fill in the remaining gaps and to integrate our consensus linkage map with physical maps and ideograms of rat chromosome (RNO) 3. First, repetitive motifs (mostly di-nucleotide repeat sequences) were sought in the intron or the 5′-and 3′-untranslated regions of the annotated genes in the rat database (http://www.ncbi.nlm. nih.gov/ genome/guide/rat/), which were primarily chosen based on their positions in the assembly map of RNO3. Then, PCR primer sets were designed to flank the target repeats and subjected to the examination of polymorphism among 3 progenitor strains. A genetic linkage map of RNO3 involving all markers that were polymorphic between SHRSP and WKY was constructed by genotyping 63 male F1 backcross rats⎯F1(SHRSP × WKY) × SHRSP⎯as previously reported (17) . SP, SHRSP; SR, SHR; other abbreviations are the same as in Table 1 . 
Statistical Analysis
SR/SR
Results
The baseline characteristics of 3 progenitor strains⎯SHRSP, SHR and WKY⎯are shown in Table 1 . SBP and heart weight were significantly higher and body weight was significantly lower in both SHRSP and SHR than in WKY. Accordingly, the strain differences were more prominent in Hw/Bw than in heart weight. The relationship between hemodynamic overload and the degree of cardiac hypertrophy is depicted in the scatter plots ( Fig. 1) . Here, because there were relatively fair correlations between any two points of blood pressure measurements during the longitudinal study in F2(SHRSP × WKY) (correlation coefficients 0.57−0.70, p< 0.0001), a single point of blood pressure measurements was chosen to represent hemodynamic overload. The rats were exposed to considerably high blood pressure (we used representative values measured at 13 weeks of age) for a longer time and also exposed to salt-loading in F2(SHRSP × WKY), whereas the rats were exposed to modestly high blood pressure (we used representative values measured at 11 weeks of age) for a shorter time on a normal rat chow diet in F2(SHR × WKY) (see Methods). As a consequence, a wider distribution of Hw/Bw and its closer correlation with representative blood pressure values were observed in F2(SHRSP × WKY) than in F2(SHR × WKY). A total of four regions showing suggestive or significant linkage to Hw/Bw were identified on four different chromosomes ( Fig. 2 and Table 2 ). In any of the F2 populations, the strongest evidence of linkage was consistently found in the region on RNO3. Male-specific linkage was detected in the region on RNO10 (around Ace) in the F2(SHRSP × WKY) cohort alone. Also, markers from the regions on RNO6 and RNO13 showed suggestive evidence of linkage in a sex-specific and cohort-specific manner. To investigate the genetic impacts of individual QTLs, percentages of the Hw/Bw variance attributed to each possible QTL (R 2 ) were calculated in the F2 populations. The RNO3 QTL accounted for 23% and 17% of the Hw/Bw variance in male and female progeny of F2(SHRSP × WKY) and 8% of the variance in male progeny of F2(SHR × WKY), respectively. The highest fraction of overall variance collectively attributable to a set of linked regions was 47% in male progeny of F2(SHRSP × WKY). There was no significant epistatic interaction between the Hw/Bw QTLs in either sex (data not shown).
In addition to the ratio, i.e., Hw/Bw, the numerator (Hw) and denominator (Bw) were separately examined as quantitative traits in genome screens. Significant linkage was found for heart weight in the female progeny of F2(SHRSP × WKY) on RNO6 and for body weight in the male progeny of F2(SHRSP × WKY) on RNO3. Markers from these regions were cosegregated with Hw/Bw in the corresponding F2 progeny as mentioned above. Among the other chromosomal regions showing suggestive or significant evidence of linkage to Hw/Bw, markers were cosegregated with heart weight in the female progeny of F2(SHRSP × WKY) on RNO3 and with body weight in the male progeny of F2(SHRSP × WKY) on RNO10 and RNO13.
Because genome screens consistently provided significant evidence in favor of the RNO3 QTL for Hw/Bw, we next constructed a consensus linkage map of RNO3 involving markers polymorphic between SHRSP and WKY. A total of six microsatellite markers were newly developed and these reduced the gaps that had remained in the initial genome screens to less than 15 cM across the chromosome ( Fig. 3 and Table 3 ). 
Discussion
The present study provides several notable insights into the genetics of cardiac hypertrophy using animal models. First, the genome-wide searches provided solid evidence of linkage to the relatively narrow region (< 25 cM) on RNO3 in two F2 cohorts independently produced from SHRSP and SHR. Second, the relevant linkage was replicated despite differences in confounding factors, such as hemodynamic overload (the duration of exposure and the degree of blood pressure elevation) and dietary manipulation (with or without salt-loading). Third, it is of interest that three out of four QTLs were detected in either of the sexes, indicating the possible presence of sexual dimorphism.
Reproducibility of linkage has been debated in molecular genetics of cardiovascular disease traits such as hypertension (7) . Apart from the present study, several genome-wide screens have been carried out in F2 populations derived from inbred rat strains and have reported QTLs contributing to the regulation of adult cardiac mass independent of blood pressure on RNO1 (20) , RNO2 (9), RNO3 (20, 21) , RNO5 (22), RNO7 (23), RNO8 (24) , RNO9 (20) , RNO10 (25, 26) , RNO12 (27, 28) , RNO14 (12), RNO17 (10, 23) , RNO18 (29) and RNO19 (20) . As for the results obtained from SHRderived crosses, there exists no apparent overlapping of linkage among the studies reported to date. In this context, the present study has, for the first time, identified reproducible linkage to cardiac mass on RNO3 in two F2 cohorts independently produced from SHR substrains⎯SHRSP and normal SHR⎯of a Japanese colony. Of particular note is the fact that this RNO3 linkage is replicated not only between male and female progeny of F2(SHRSP × WKY) but also between F2(SHRSP × WKY) and F2(SHR × WKY) male progeny. With regard to SBP linkage in the relevant regions on RNO3, no significant QTL plot peaks have been detected either in F2(SHRSP × WKY) as previously reported (11) or in F2(SHR × WKY) (data not shown). Also, it should be noted that, while significant linkage to body weight (i.e., a denominator of Hw/Bw) and suggestive linkage to heart weight (i.e., a numerator of Hw/Bw) are solely detectable on RNO3 in male and female progeny of F2(SHRSP × WKY), respectively, substantial evidence of linkage to Hw/Bw is observed across the F2 populations studied. This may indicate that the ratio, i.e., Hw/Bw, is not a derivative trait but can be regarded as a unique quantitative trait.
In the design of linkage analysis, we have focused on three confounding factors⎯sex, the extent of hemodynamic load, and salt-loading⎯as previously discussed in human studies (30−33) . It may be argued that these confounding factors complicate the interpretation of strain differences between SHRSP and SHR, as discussed above. Nevertheless, the reproducible results of linkage seem to strengthen the possibility that the RNO3 QTL could constitute a "principal" genetic determinant of relative cardiac mass in SHR as a whole. The previous observations by Siegel et al. (20) further support this possibility. That is, they reported a significant QTL for left ventricular weight (a maximal LOD score of 7.34) in the vicinity of D3Mgh9 (which is close to D3Mgh8 in the present study) by performing genome screens in the F2 intercross between the Dahl salt sensitive rat and SHR under a salt-loading condition. With reference to our consensus linkage map (Fig. 3) , we have searched the rat genome databases to identify potential candidate genes on RNO3 and have TD represents a touch-down PCR method. Two primer sets were designed for different CA-repeats in the Kynu locus. Kynu, kynureninase; Tgm2, tissue-type transglutaminase; Pdyn, prodynorphin; Bfsp1, beaded filament structural protein 1; temp., temperature; PCR, polymerase chain reaction; SHR, spontaneously hypertensive rat; SHRSP, stroke-prone SHR; WKY, Wistar-Kyoto rat.
noticed a few candidate genes, i.e., Dbh (dopamine β hydroxylase), Kynu (kynureninase) and Angptl2 (angiopoietin-like 2). Our results highlight the importance of sexual dimorphism (i.e., some QTLs for Hw/Bw were found in females alone and others in males alone). Only a few genome-wide linkage studies have so far attempted to analyze the results separately by sex. Accordingly, even if sex-specific QTLs actually existed, they may have been missed when either of the sexes was used for a linkage study. As we have previously reported significant linkage to SBP on RNO10 (near Ace) and RNO13 (near Ren) in the male progeny of F2(SHRSP × WKY) (11, 34) , we cannot draw any definite conclusions as to whether these loci confer genetic susceptibility to cardiac hypertrophy independently of systemic arterial pressure in the current linkage analysis by itself.
In conclusion, we report the results of genome-wide screens to explore chromosomal regions that control the difference in cardiac mass between SHR-substrains and normotensive WKY. We have identified a principal QTL on RNO3 as well as three possible QTLs on RNO6, RNO10 and RNO13. Detailed investigation of these chromosomal regions through the construction of congenic rats would help to clarify the genetic mechanisms underlying the development of cardiac hypertrophy and would thus seem to be of clinical importance (35) .
